Objectives-Late-life depression is associated with alterations in regional cerebral blood flow (rCBF) and metabolism in a neural network that includes frontostriatal and limbic regions and the cerebellum. Prior studies suggest that clinical depression and subthreshold depressive symptoms (SDS) are associated with similar cognitive deficits and structural brain changes, but little is known about the relationship between SDS and patterns of brain activity. Additionally, the neural correlates of depression have not been fully explored in men and women separately. This study investigated cross-sectional and longitudinal relationships between SDS and rCBF in older men and women.
• Patterns of activity differed somewhat for men and women, suggesting sex differences in the pathophysiology of depression.
Depressive symptoms at a subthreshold level are common in older adults and are associated with cognitive deficits , Chuan, et al., 2008 , Elderkin-Thompson, et al., 2003 , Ravdin, et al., 2003 , longitudinal cognitive decline (Bassuk, et al., 1998 , Chodosh, et al., 2007 , and decreased regional brain volumes (Kumar, et al., 2000 , Kumar, et al., 1998 , Kumar, et al., 1997 , Taki, et al., 2005 . However, the relationship between subthreshold depressive symptoms (SDS) and regional brain function in the aging brain has not been studied, despite substantial evidence indicating alteration of frontostriatal, limbic and cerebellar metabolic activity in individuals with clinical depression (Alexopoulos, 2002 , Drevets, 2000 , Mayberg, 2003 , Tekin and Cummings, 2002 .
If depressive syndromes exist on a continuum of severity, as postulated by some researchers (Angst, et al., 2000 , Geiselmann and Bauer, 2000 , Goldberg, 2000 , then SDS should be associated with alterations in functional activity in regions implicated in clinical depression. Indeed, a recent meta-analysis (Fitzgerald, et al., 2008) concluded that the most consistent alterations in regional activity in depressed individuals were in the anterior cingulate, dorsolateral, medial and inferior prefrontal cortex, insula, superior temporal gyrus, basal ganglia and cerebellum. In general, hypoactivity in many cortical regions and hyperactivity in many subcortical and limbic regions have been observed.
Some studies have shown sex differences in the cognitive and neural correlates of depressive syndromes (Dal Forno, et al., 2005 , Fuhrer, et al., 2003 , Taki, et al., 2005 , Videbech, et al., 2002 . Clinical depression is associated with greater decreases in frontal volumes in men compared to women (Lavretsky, et al., 2004) , and depressive symptoms have been associated with an increased risk for dementia (Dal Forno, et al., 2005 , Fuhrer, et al., 2003 and with reductions in hippocampal blood flow (Videbech, et al., 2002) in men, but not in women. However, the literature is lacking in studies that examine sex-specific longitudinal changes associated with depression and SDS.
In this study, we examined associations between SDS and regional cerebral blood flow (rCBF) in a sample of dementia-free older adults who were followed for 8 years. We identified crosssectional correlations between an estimate of chronic depressive symptoms, measured over 8 years, and rCBF at the 9 th visit (8-year follow-up) in men and women. To clarify the nature of these relationships, we distinguished between correlations that were unique to year 9 and those that were already present at baseline. Further, we examined associations between SDS and longitudinal blood flow changes in regions that showed significant correlations with SDS at year 9. Based on previous research, we expected to find cross-sectional and longitudinal associations between SDS and blood flow in frontal, temporal and cerebellar regions.
Methods

Participants
PET data were obtained from the neuroimaging substudy of the Baltimore Longitudinal Study of Aging (BLSA) (Resnick, et al., 2000) at the National Institute on Aging. This report includes PET evaluations at baseline and 8-year follow-up. Exclusionary criteria at initial evaluation included central nervous system disease, severe cardiovascular disease, severe pulmonary disease, and metastatic cancer. The current study included 61 participants (35 men, mean age = 69.31, SD = 6.53; 26 women, mean age = 68.84, SD = 6.95) who were free of dementia and mild cognitive impairment at baseline and all follow-up visits. Determination of dementia and mild cognitive impairment status was based on standard procedures (Kawas, et al., 2000) . In brief, at each visit, participants who met screening criteria based on the Blessed Information Memory and Concentration Scale (BIMCS) (Blessed and Wilson, 1982) or a Clinical Dementia Rating (Morris, 1993) (McKhann, et al., 1984) , diagnoses of mild cognitive impairment and dementia were made at consensus diagnostic conferences using neuropsychological diagnostic tests and clinical data. None of the remaining subjects reported a history of major psychiatric disorder. Only participants with PET scans at baseline and year 9 were included in the current sample. Although none of the participants reported a history of major depression, 9 participants reported taking antidepressant medication at baseline or year 9. As we would expect, these participants reported more depressive symptoms than did individuals who were not treated with antidepressant medication during the study interval (t(5) = 2.61, p < .05). As a result of this difference, as well as the known effects of antidepressants on blood flow (Davies, et al., 2003 , Joe, et al., 2006 , Nobler, et al., 2002 , Smith, et al., 2002 , antidepressant use was used as a covariate in our analyses. Demographic characteristics for the sample and information regarding antidepressant use are presented in Table 1 . The study was approved by the local Institutional Review Boards and the National Institute on Aging Intramural Research Program, and all subjects gave written informed consent at each visit.
Depressive Symptomatology
The Center for Epidemiologic Studies Depression Scale (CES-D) (Radloff, 1977) served as a measure of depressive symptoms. This 20-item inventory assesses the frequency and severity of depressive symptoms experienced in the past week and is widely used in epidemiological and longitudinal studies. The CES-D has been validated in older community-dwelling adults (Beekman, et al., 1997 , Haringsma, et al., 2004 . For each participant, all CES-D scores during the study interval were averaged as a measure of chronic or persistent symptoms (mean number of CES-D measurements = 4.06, SD = 3.41). To avoid the inclusion of increases in scores which may be attributed to more transient life events, outlying scores (i.e., greater than two standard deviations above the subject mean) were excluded. Mean scores were used as continuous predictor variables in statistical analyses.
PET Scanning Conditions & Parameters
Participants underwent annual PET scanning sessions for nine years. Scans were acquired during rest, verbal recognition memory, and figural recognition memory condition at each imaging session. The current study focused on the rest condition at baseline and year 9. During rest, participants were instructed to keep their eyes open and focused on a computer screen covered by a black cloth.
PET measures of rCBF were obtained using [ 15 O]water. For each scan, 75 mCi of [ 15 O] water were injected as a bolus. Scans were performed on a GE 4096+ scanner, which provides 15 slices of 6.5mm thickness. A custom thermoplastic mask was made for each subject during the baseline scanning session to aid in head positioning. This mask was used in all subsequent years to control for head placement and image acquisition angle. Images were acquired for 60 seconds from the time the total radioactivity counts in the brain reached threshold level. A transmission scan acquired prior to the emission scans is used for attenuation correction.
Data Analysis
PET scans for each subject were realigned and spatially normalized into standard stereotactic space and smoothed to a full width at half maximum of 12, 12, and 12mm in the x, y, and z planes. rCBF values at each voxel were ratio adjusted to the mean global blood flow of 50 ml/ 100 g/min for each image to control for variability in global flow. Statistical Parametric Mapping (SPM2; Wellcome Department of Cognitive Neurology, London, England) was used for PET data analysis. Using multiple regression analyses, voxel by voxel comparisons determined associations between rCBF and CES-D scores. Significant effects for each contrast were based on the magnitude (p≤0.005) and spatial extent (>50 voxels) of activation. Baseline age and antidepressant use (yes, no) served as covariates.
To capture cross-sectional measures of the effects of SDS on rCBF, correlations were performed between the mean CES-D scores obtained during the study interval and rCBF at year 9. Brain function at year 9 was of primary interest because it provides the best measure of the cumulative effect of chronic depressive symptoms. Conjunction analyses (masking threshold of p≤0.05; magnitude p≤0.005; spatial extent >100mm3) were then performed to compare the patterns of correlation between mean CES-D and rCBF at year 9 and baseline. The conjunction analyses delineate associations that were unique to year 9 and those that were common to baseline and year 9. These analyses use a region-of-interest map based on areas that were significantly associated with CES-D scores at year 9 and determine whether those areas were also associated with mean CES-D scores at baseline.
Longitudinal change in rCBF was also correlated with mean CES-D scores. Difference images reflecting rCBF change over time from baseline to year 9 were created for each individual. The rCBF change was then correlated with mean CES-D scores using an analysis restricted to the regions showing significant associations between mean SDS and rCBF at year 9 (p <0.005 magnitude; >100mm3 spatial extent).
Results
The results presented here are focused on associations of mean CES-D scores with rCBF at year 9, which were of primary interest; however, correlations between mean CES-D scores and rCBF at baseline are presented in Table 2 .
Cross-sectional Associations between Mean CES-D and rCBF at Year 9
Results for cross-sectional associations between mean CES-D and rCBF at year 9 are presented in Table 3 and the upper half of the Figure. In women, mean CES-D scores were associated with increased blood blow in the occipital regions bilaterally, the left angular and fusiform gyri, and the right cuneus. Higher scores were associated with decreased blood flow in frontal regions, including the right orbitofrontal and left cingulate gyri, the inferior frontal gyri bilaterally, and the right middle frontal gyrus. Positive correlations between mean CES-D scores and blood flow were also found in the right temporal pole, inferior parietal lobule, middle occipital gyrus, and in both cerebellar hemispheres.
Men showed increased rCBF in both cerebellar hemispheres at year 9 as a function of higher mean depressive symptoms. Depressive symptoms were associated with decreased blood flow in frontal regions, including the medial frontal gyri bilaterally, left middle frontal and inferior frontal gyri, and left precentral gyrus, as well as temporal regions, including the inferior temporal gyri bilaterally, and left middle and superior temporal gyri. Higher mean CES-D scores were also associated with decreased rCBF in the left insula, left inferior parietal lobule, and the left superior occipital gyrus.
Year 9 correlations compared to baseline
Results for this section are presented in Tables 4 and 5 . Most regions showing significant associations with CES-D scores at year 9 also showed significant associations at baseline. For most of these regions, the peak area of activity shifted between baseline and year 9, although the Brodmann areas remained the same. In contrast, unique associations were found between average depressive symptoms and decreased rCBF at year 9 in the left cingulate gyrus and right inferior frontal gyrus in women and in the right medial frontal gyrus as well as the left middle frontal, inferior temporal, and superior occipital gyri in men.
Association between mean CES-D and Longitudinal rCBF Change
Associations between mean CES-D and longitudinal rCBF change are presented in Table 6 and the lower half of the Figure. Higher mean depressive symptoms in women were associated with longitudinal decreases in blood flow in the right inferior frontal gyrus and inferior parietal lobule. In men, higher average CES-D scores were associated with decreased rCBF in the left middle and medial frontal gyri, the left superior temporal gyrus and insula, and the right inferior temporal gyrus over time.
Discussion
These results reveal both cross-sectional and longitudinal associations of chronic SDS with rCBF in the aging brain. Consistent with our predictions, associations were primarily in frontal and temporal regions, as well as the cerebellum. These associations were found in both men and women; however, the regional patterns of activity differed for the two sexes.
Cross-sectional Findings
Cross-sectional analyses revealed reduced rCBF in association with increased SDS in frontal and temporal regions in both men and women. The pattern of decreased activity corresponds well with frontolimbic theories of depression (Alexopoulos, 2002 , Drevets, 2000 , Mayberg, 2003 , Tekin and Cummings, 2002 . These theories implicate a network of brain regions in the etiology of depression that primarily involves frontal, temporal, and limbic structures including the anterior cingulate and orbitofrontal cortices, amygdala, hippocampus, medial thalamus, striatum, and pallidum. Our finding of primarily frontal and temporal blood flow abnormalities associations with SDS in the absence of thalamic, striatal, and pallidal associations suggests that these cortical regions may be more vulnerable to the effects of subthreshold levels of depressive symptoms. Research that directly compares individuals with threshold and subthreshold depression will be important to evaluate that possibility.
Although both men and women showed associations between SDS and blood flow in frontal and temporal regions, there were sex-specific regional differences in the patterns of associations. Higher SDS were associated with reduced rCBF in orbitofrontal gyrus and cingulate gyrus in women, and reduced rCBF in inferior, medial and middle frontal regions in men. Decreases in activity were primarily bilateral and left-lateralized in men but primarily in the right hemisphere in women. Men and women also showed opposite patterns of associations in the cerebellum, with women showing decreased activity as a function of higher average depressive symptoms, while men with greater SDS showed greater activity in this region. The preponderance of evidence suggests that depression is associated with increased blood flow and metabolism in the cerebellum (Dunn, et al., 2002 , Kim, et al., 2008 , Liotti, et al., 2000 , Milak, et al., 2005 , Videbech, et al., 2002 , although reduced cerebellar activity in major depression has been reported in some studies during cognitive performance (Bremner, et al., 2004 , Elliott, et al., 1997 . Although these prior studies did not examine sex differences explicitly, our findings suggest that sex may play a role in the relationship between depressive symptoms and cerebellar activity.
Cross-sectional findings in year 9 compared to baseline
Conjunction analyses were used to identify correlations between SDS and rCBF that were evident in year 9 and also observed at baseline, as well as those that were unique to year 9. Most regions showed similar patterns of associations between SDS and rCBF at baseline and at year 9 in both men and women, with similar Brodmann areas involved across timepoints.
The finding that activity in these regions at baseline correlated with the severity of depressive symptoms during the subsequent study interval has multiple possible interpretations. First, activity in these regions could represent a trait or dispositional characteristic of individuals who are at risk of experiencing elevated levels of depressive symptoms. Second, because this study provides a snapshot in time of participant's depressive symptomatology and brain functioning, it is possible that individuals with higher levels of SDS during the study interval are also individuals who experienced elevated depressive symptoms prior to the start of the study. In that case, baseline findings could reflect the cumulative effect of SDS before the snapshot captured in this study. Longitudinal studies that provide detailed information about lifetime history of depression and depressive symptoms are needed to explore these possibilities.
Both men and women also showed unique associations between SDS and rCBF at year 9 that were not evident at baseline. Unique associations between SDS and decreased blood flow were observed in the left cingulate gyrus and right inferior frontal gyrus in women, and in the right medial frontal gyrus, and left middle frontal, inferior temporal, and superior occipital gyri in men. Again, these activation patterns are consistent with frontolimbic theories of depression.
The finding that activity in these regions correlated with average CES-D scores at year 9 but not at baseline suggests that these associations may be related to the chronicity of SDS during the study interval.
Longitudinal Findings
Longitudinal analyses examined correlations between average CES-D scores and the differences in activity between baseline and year 9. Longitudinal associations were limited to decreased blood flow in the right inferior frontal gyrus and inferior parietal lobule in women and in multiple frontal and temporal regions in men. The specificity of these changes to frontal and temporal regions in our restricted analysis is consistent with our hypotheses and with previous research (Fitzgerald, et al., 2008, Tekin and Cummings, 2002) . These longitudinal results provide more direct evidence for blood flow changes, rather than simply blood flow differences, in individuals with more chronic depressive symptoms. However, additional research is needed to determine whether these blood flow changes are the result of SDS or contribute to the development of SDS.
Sex Differences
Our finding of sex differences in the patterns of SDS associations with rCBF are consistent with numerous clinical (Beekman, et al., 1995, Ernst and Angst, 1992) , cognitive (Dal Forno, et al., 2005 , Fuhrer, et al., 2003 and neuroimaging (Lavretsky, et al., 2004 , Videbech, et al., 2002 studies that point to disparate clinical manifestations, treatment response, and cognitive and neural correlates of depression in men and women. In our study, men and women showed similar associations between SDS and rCBF patterns, although some differences were observed. Men, but not women, showed the expected increase in blood flow to the cerebellum in association with higher SDS, and SDS were associated with reduced rCBF in a greater number of frontal and temporal regions in men than in women. Other studies have shown that men display more prototypic depression-related outcomes than women (Dal Forno, et al., 2005 , Fuhrer, et al., 2003 , Lavretsky, et al., 2004 . Although there are some exceptions (e.g., Videbech, et al., 2002) , our findings, as well as the work of others, provide evidence that men are more vulnerable to the effects of depressive syndromes (Beekman, et al., 1995, Piccinelli and Wilkinson, 2000) .
Depressive symptoms may reflect different underlying pathology in men and women for various reasons. Since medical conditions such as cardiovascular disease are associated with depression (Alexopoulos, 2006) and are more common in men (Migeon, 2007) , it is possible that older men with SDS are a more homogeneous group than are women with SDS, whose symptoms may reflect greater diversity of underlying pathology. Additionally, men are usually less willing to acknowledge experiencing depressive symptoms (Williams, et al., 1995) ; thus, symptoms may be more extreme among those men who actually report having them. Depressive symptoms may be overestimated in women, thus diluting effects observed in women because of a high number of false-positives. This would explain the more limited frontolimbic associations in women compared to men. Additional research is needed to elucidate sex differences in the correlates of depression and depressive symptoms. Of particular interest is a greater understanding of whether depressive disorders are fundamentally different in men and women, or if differences reflect differential reporting of symptoms.
It is also possible that the smaller sample size in women compared to men contributed to the differential correlations of rCBF with SDS in the current study. Another limitation of this study is the lack of availability of information regarding the age of onset of depressive symptoms, given the evidence of distinct etiologies and consequences of early and late onset depression. Additionally we did not have detailed information regarding antidepressant use (e.g., stability of medication dosage) in our sample. Both acute and chronic effects of antidepressant medication on rCBF have been documented (Davies, et al., 2003 , Joe, et al., 2006 , Nobler, et al., 2002 , Smith, et al., 2002 , and antidepressant use history may have impacted our results. However, the inclusion of antidepressant use as a covariate in our analyses minimized any potential confounding effects. Finally, the average of depressive symptoms scores over the study interval is a relatively rough estimate of chronic depressive symptoms and is an additional limitation of the study. These limitations should be considered in the context of the strengths of this study, which include the large sample size which allowed us to investigate associations between depressive symptoms and blood flow separately in men and women. In addition, the long follow-up period and prospective assessments provided a unique opportunity to examine both cross-sectional and longitudinal associations of SDS and rCBF in dementia-free older adults. To our knowledge, this is the first investigation to do so.
Conclusion
In summary, this study documented cross-sectional and longitudinal correlations between chronic SDS and blood flow in older men and women. Patterns of rCBF associations with SDS were similar to those found in studies of regional cerebral glucose metabolism and CBF in clinical depression, providing support for the hypothesis that depressive syndromes, including subthreshold levels of symptoms, exist on a continuum of severity. The neural correlates of SDS differed for men and women, with men showing more widespread fronto-temporal SDSassociated decreases in rCBF than women. The sex differences provide some evidence that the pathophysiology of depressive disorders differs between men and women. In addition, sex differences suggest that simply covarying for sex in depression research may obscure significant findings and limit our ability to determine differential correlates of mood disorders in men and women.
Figure.
Cross-sectional (upper portion) and longitudinal (lower portion) associations between average Center for Epidemiologic Studies Depression Scale (CES-D) and blood flow. Cross-sectional associations are based on year 9 data. Positive associations between blood flow and CES-D scores are shown in red. Negative associations between blood flow and CES-D scores are shown in blue. Color bars represent the t-value of associations between blood flow and CES-D. * Regions were significant in the conjunction analysis but not in the baseline analysis alone because of the increased power due to the use of a region-of-interest map and restricted search in the conjunction analysis. These regions reached significance at baseline when the statistical threshold was lowered. .000
Note: Some regions were significant in both the conjunction analysis showing common associations between year 9 and baseline and in the conjunction analysis showing unique associations at year 9. In these regions, the peak area of activity shifted from baseline to year 9. Because the Brodmann areas for these regions were identical at baseline and year 9, activity in those regions are considered to be common to baseline and year 9 and are not included in this table. Int J Geriatr Psychiatry. Author manuscript; available in PMC 2010 August 1.
